Identification and evaluation of drought tolerant germplasm is the primary step for sorghum (Sorghum bicolor L. Moench) breeding and utilization under drought conditions. The objective of this study was to use a grey relational analysis to investigate the role of feasible physiological parameters in evaluating drought tolerance in sorghum. Four sorghum varieties were cultivated in pots with two water treatments, including normal watering (75-80% of the soil moisture capacity) and water deficit (45-50% of the soil moisture capacity), which occurred at jointing stage, anthesis and filling stage, respectively. Drought tolerance index of yield was used as the key indicator to evaluate sorghum performance under drought. The grey relational degree of the investigated parameters decreased in the order of transpiration rate, stomatal conductance, photosynthetic rate, soluble sugar content, proline content, relative water content, activity of catalase, activity of superoxide dismutase and activity of peroxidase, implying that drought tolerance for guaranteeing sorghum yield formation was the most related to gas exchange parameters. Water content was a very sensitive parameter of plant growth under drought stress and was more important as compared to the activities of antioxidant enzymes. Results of this research suggested that feasible physiological parameters could be used in the evaluation of drought tolerance to improve the efficiency and accuracy of selection.
Introduction
Sorghum is mostly cultivated in arid and semiarid regions of Africa and Asia. For instance, the harvested area of sorghum in Africa and Asia accounted for 81% of the world according to 2013 data (FAO, 2015) . Moreover, sorghum continues to be an important crop with multiple applications for food, brewing, forage, and biofuel throughout the world. Although sorghum is considered as a drought-tolerant crop (Shan, Xu, 2009) , its production often suffers from drought in those regions. Sorghum breeders seek to utilize drought tolerant germplasm to mitigate drought stress risk to sorghum production (Borrell et al., 2014) . During the sorghum breeding process, it is crucial to improve the screening efficiency and identifying accuracy.
Drought stress can notably impact various physiological and biochemical processes in sorghum plants, such as photosynthetic characters (Ogbaga et al., 2014; Zhou et al., 2014) and osmotic adjustment (Zhou et al., 2013) , etc., which result in an obvious decline in final productivity. Lu et al. (2011) stated that adaptive responses of crops induced by drought included morphological changes and biochemical and physiological reactions. Further, drought tolerance might be dominated by complicated multi-genetic systems. In previous reports, various physiological parameters were used to identify drought tolerant germplasm and crop behaviour under drought conditions (Ober et al., 2005; Lu et al., 2011; Chen et al., 2012; Assefa et al., 2013) . Although many indicators of drought tolerance were selected in these studies, the selection criterion was not completely identical except for the yield as the primary trait in evaluating the drought tolerance of crops. Up to now, which physiological parameter plays the most important role in evaluating the drought tolerance of sorghum has not been well understood. Hence, it is necessary to use certain simple and practicable physiological parameters to evaluate drought tolerance especially when the identifying materials are numerous. A more direct and effective method for evaluating traits and 458
Prioritization of feasible physiological parameters in drought tolerance evaluation in sorghum:
a grey relational analysis guiding the breeding of drought tolerant crop is needed urgently. Given that crop behaviour (such as drought tolerance) could be associated with multiple factors and be treated as a complicated system, the method of grey relational analysis (GRA) can be used to identify the primary factors that contribute to the drought tolerance. The GRA was initially applied by Deng (1989) , and has been proved to be an effective way to explain the correlation between system behaviour (such as crop production) and relevant affecting factors (Li et al., 2007; Jia, Shao, 2013; Wang et al., 2013) . Since the factors have different effects on crop behaviour, they can be assigned with different values to reflect their importance. Wang et al. (2013) analyzed the habitat factors to discriminate which factor was closely associated with winter wheat freeze injury by using the method of GRA. However, little is known about the application of the method in evaluating the drought tolerance of sorghum.
The objective of this study was to provide a grey relational analysis (GRA) to explore the prioritization of feasible physiological parameters in evaluating drought tolerance in sorghum. The results possess the potential to promote identifying accuracy and guide sorghum breeding practices under drought conditions.
Materials and methods
Site and soil. The research was carried out form 2010-2012 in the experimental base of Shenyang Agricultural University, China (41°49′ N, 123°34′ E). Its altitude is 25 m from the sea level. The average annual rainfall and mean monthly temperature are 500 mm and 8.3°C. The soil of the experiment was collected from the top surface layer (0-20 cm) of arable soil near the experimental base of Shenyang Agricultural University. Soil was silt loam with a pH of 7.0, organic matter content of 30.82 g kg -1 , alkali hydrolysable N of 104.58 mg kg -1 , available P of 78.33 mg kg -1 , available K of 88.33 mg kg -1 . Experimental design and treatments. Sorghum (Sorghum bicolor L. Moench) four varieties 'Jiza305', 'Jiza127', 'Jinza106' and 'Jinza103' with different drought tolerance were selected from 31 sorghum varieties which were mainly cultivated in northeastern China. Five sorghum seeds were planted in plastic pots (28 cm high and 33 cm diameter) filled with 20 kg soil and the seedlings were thinned to a single plant in each pot when plants reached third leaf stage. Diammonium phosphate (2.5 g) was applied in each pot as basal fertilizer and urea (3.3 g) was applied at jointing stage based on local sorghum cultivation. The experiment was established as a completely randomized design with three replications. Sorghum was planted on 17 May and harvested on 25 September in each year.
Sorghum plants were subjected to water stress by withholding irrigation to obtain 45-50% of the soil moisture capacity during the jointing stage (initiated on 26 June), anthesis (initiated on 23 July) and filling stage (initiated on 6 August), respectively. Control pots were well drained and regularly watered to keep 75-80% of the soil moisture capacity throughout the experiment. The soil moisture content was maintained by using soil moisture sensor HH2/ML2X ("Delta-T", UK). The drought stress period lasted for 7 days during the jointing stage, anthesis, and filling stage, respectively. A mobile rain shelter was used to protect the pots from the rain during the stress period. Physiological parameters were examined timely for different plants after each drought stress period. The drought-stressed plants were rewatered normally after each stress till mature.
A mobile photosynthetic system Li-6400 ("LiCor", USA) was employed to measure photosynthetic rate, stomatal conductance, and transpiration rate on the tenth leaf at jointing stage and on the second leaf from the top at anthesis and filling stage (15 replications per treatment) between 09:00 and 11:00 a.m. The selected leaves for the investigation were full-developed and healthy. The tenth leaf at jointing stage and the second leaf from the top at anthesis and filling stage were sampled and the relative water content (RWC) was determined by the following formula:
, where W f is the fresh weight of leaf, W d -the dry weight of leaf, and W t -the turgid weight of leaf after being soaked in the deionized water for 24 h in the dark. Fresh leaves (0.5 g) were homogenized in 5 ml of 0.1 M phosphate buffer (pH 7.8). The homogenate was centrifuged at 13.000 g for 20 min at 4°C. Supernatant was used for the determining the activities of antioxidant enzymes as the crude extract for superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD). The SOD, CAT and POD were quantified using a spectrophotometer U1900 ("Hitachi", Japan) according to the procedure described by Zhang (1992) . Proline was extracted from fresh leaves (0.5 g) with 3% sulphosalicylic acid and measured by ninhydrin method according to Zhang (1992) . Soluble sugar was determined by anthrone method described by Li (2000) . At the mature stage, 15 plants per replicate were harvested and quantified to measure yield.
Analytical methods. Drought tolerance index of yield (DTIY) was used to estimate the comprehensive behaviour of all sorghum varieties under drought stress. DTIY was an integrated evaluation for crop drought tolerance (Lan et al., 1990 A grey relational analysis (GRA) was used to estimate the effect of the investigated parameters and identify the principal parameters in evaluating drought tolerance in sorghum. The method of GRA was initially applied by Deng (1989) , and has been proved to be an effective way to explain the correlation between system behaviour (such as crop production) and relevant affecting factors (Li et al., 2007; Jia, Shao, 2013; Wang et al., 2013) . ISSN 1392 -3196 Zemdirbyste-Agriculture Vol. 102, No. 4 (2015 459
According to GRA theory, the DTIY was characterized as the reference sequence to reflect drought tolerance and the relevant physiological parameters affecting drought tolerant behaviour were as the compared sequences. The specific calculation steps were expressed as follows:
The reference sequence can be defined as:
(1), signify the related m sequences to be compared as:
.
Normalize the sequences by standard processing to ensure them to be comparable. The normalized reference sequence and comparing sequence can be expressed respectively as:
,
The grey rational coefficient (L i (k)) for the reference sequence and the comparing sequence was calculated as:
where ρ is distinguishing coefficient which ranges from 0 to 1, typically assigned to 0.5. Then, the grey relational degree was deduced form (6).
The grey relational degree, ranging from 0 to 1, indicated the effects of investigated factors. Higher grey correlation degree shows that the parameter has closer relationship with drought tolerance and the relational degree also expresses the importance of the parameter. Significance of main effects was determined using oneway analysis of variance in software SPSS 18.0. Means were separated by Duncan's multiple range test at P = 0.05. Results were presented as the mean ± standard deviation (SD).
Results and discussion
Drought inhibited the formation of sorghum yield. The greatest decline of yield induced by drought occurred at filling stage and the yield of the four sorghum varieties decreased by 25-44% (Table 1) . Although drought at different stage can lead to the decline of yield, filling stage is the most critical period for yield formation and needs more water to maintain normal metabolism compared to the early growth stage. The varieties with higher DTIY had lesser yield reduction than those of lower DTIY at the same drought stressed stage. Yield is the primary criteria for the evaluation of drought tolerance in crops under drought conditions . Moreover, superior morphological, physiological and biochemical traits were also selected for evaluating drought tolerance of crops (Chen et al., 2012) . For example, sorghum with stay-green trait expressed drought tolerance under drought conditions (Borrell et al., 2014) . It was noted that these traits could eventually contribute to final yield particularly under drought conditions. Drought tolerant sorghum is generally considered to have relative higher yield under drought conditions (Shan, Xu, 2009 ). The DTIY was used for evaluating drought tolerance of sorghum in this investigation. The index gave consideration to the interaction between genotypes and environments (drought), and the yield potential among the tested varieties under drought conditions. The variation of DTIY in different stressed stage suggested that the sensitivity of sorghum yield to drought that occurred at different growth stages differed significantly. Note. WD j -water deficit at jointing stage, WD a -water deficit at anthesis, WD f -water deficit at filling stage; mean ± SD followed by different letters are significantly different by the Duncan's (p ﹤ 0.05).
Results suggested that drought tolerance was the result of comprehensive physiological processes, such as photosynthesis, osmotic adjustment, antioxidant metabolism, which differed significantly between sorghum varieties under drought conditions (Tables 2-4) . However, it was not obvious which physiological parameters played leading role in the difference of drought tolerance in sorghum. The summary of the investigated parameters of different physiological processes suggested that an explicit conclusion could not be achieved from the data, which was the assembly from different physiological reaction mechanism. GRA in this study offered a method to address this problem. It had been successfully used in evaluating crop performance with uncertain affecting parameters 
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Prioritization of feasible physiological parameters in drought tolerance evaluation in sorghum:
a grey relational analysis In our study, the nine physiological parameters investigated in the present study can be divided into three categories according to their function, i.e. gas-exchange parameters, osmotic adjustment, and antioxidant metabolism. Our results showed that the gas-exchange parameters, including transpiration rate, stomatal conductance and photosynthetic rate, were the primary factors that influenced drought tolerance of sorghum (Table 5 ). The secondary parameters were related to osmotic adjustment, including soluble sugar content, proline content and relative water content. The tertiary parameters were related to antioxidant metabolism, including activities of CAT, SOD and POD. These results were partly supported by Wang et al. (2007) who conducted a grey relational analysis in wheat under natural drought conditions and found that stomatal conductance had the closest relationship with the drought tolerance. Prioritization of feasible physiological parameters in drought tolerance evaluation in sorghum: a grey relational analysis Gas exchange parameters are determined by the movement of stoma which is an important channel for plants to exchange the moisture and gas. Stomata opening may decrease or even close when plants lose moisture under drought stress, which is significant for plants to survive under drought conditions. However, the decreased degree of stomatal opening also prevents CO 2 from entering plants through stomata. In this study, the inhibition of photosynthetic rate among sorghum varieties as a result of drought stress resulted from the decrease of stomatal conductance (Table 2) . Zhang et al. (2011) suggested that a decrease in CO 2 assimilation due to the closure of stomata may lead to a damage of photosystem II because of excess energy. The ultimate purpose of crop production is to obtain relative high yield, and especially under drought conditions the artificial selection of drought-tolerant germplasm for yield would need to satisfy photosynthesis with adequate carbon dioxide concentration to maintain assimilative capacity. Furthermore, these gas-exchange parameters are often referred to photosynthesis. Photosynthesis is the basis of crop yield formation. As to guarantee yield formation, it is important to maintain photosynthetic ability under drought stress. From our results, drought stress at filling stage had the greatest effect on photosynthesis and the photosynthetic performance of sorghum varieties was consistent with their final yield, respectively.
Increasing contents of osmotic adjustment substances can improve the hydrophilicity of the cell and reduce water loss under drought conditions. In the study, the ability of osmotic adjustment of sorghum varieties was motivated under drought conditions by increasing the contents of proline and soluble sugar (Table 3 ). In addition, the increased extents of osmotic adjustment substances induced by drought were generally higher than the increased extents of activities of antioxidant enzymes at the same stage, suggesting osmotic adjustment played more important role in drought tolerance. Previous studies documented that exogenous osmotic adjustment substances could enhance activities of antioxidant enzymes (Nounjan et al., 2012; Hou et al., 2013; Huang et al., 2013) . Malondialdehyde is unavoidably produced when polyunsaturated fatty acids in the membrane undergo peroxidation due to the adverse conditions and it is often used as an indicator of plant injury. It is more important to preserve water status to maintain normal metabolization in crops under drought, although activities of antioxidant enzymes are often increased to inhibit peroxidation during drought stresses.
Conclusions
1. Drought tolerance index of yield (DTIY) was a reliable indicator to reflect sorghum performance under drought stress. The grey relational analysis (GRA) could be applied as an effective way for sorghum breeders to compare the importance of physiological parameters to improve the efficiency and accuracy of selection of drought tolerance for the germplasm evaluation and breeding in sorghum.
2. Gas exchange parameters were the principal factors in evaluating the drought tolerance associated with sorghum yield formation under drought conditions. Osmotic adjustment ability was more important as compared to the activities of antioxidant enzymes when sorghum suffered from drought. 
